We demonstrate a chirped-pulse-amplified Ti:Sapphire laser system operating at 1 kHz, with 20 mJ pulse energy, 26 femtosecond pulse duration (0.77 terawatt), and excellent long term carrier-envelope-phase (CEP) stability. A new vibrational damping technique is implemented to significantly reduce vibrational noise on both the laser stretcher and compressor, thus enabling a single-shot CEP noise value of 250 mrad RMS over 1 hour and 300 mrad RMS over 9 hours. This is, to the best of our knowledge, the best long term CEP noise ever reported for any terawatt class laser. This laser is also used to pump a white-light-seeded optical parametric amplifier, producing 6 mJ of total energy in the signal and idler with 18 mJ of pumping energy. Due to preservation of the CEP in the white-light generated signal and passive CEP stability in the idler, this laser system promises synthesized laser pulses spanning multi-octaves of bandwidth at an unprecedented energy scale. 
Introduction
Since the invention of femtosecond (fs) Ti:Sapphire lasers, much effort has been put into the pursuit of shorter and more energetic laser pulses with an ultimate goal of measuring, studying and controlling electronic dynamics, which naturally occur on the attosecond time scale [1] . Seminal work in the last two decades boosted pulse energies to milijoule (mJ) or even joule level while achieving pulse durations as short as a few fs. The former was achieved using the chirped-pulse-amplification (CPA) technique [2] , and the latter was realized through nonlinear optical processes such as self-phase-modulation (SPM) in a gas filled hollow-core fiber (HCF) [3] or via filamentation [4] . Owing to development in both areas, terawatt [5] , or even petawatt [6] class lasers are now available. However, further accessing even shorter, sub-cycle, pulse durations in the optical regime with a high energy has been quite challenging due to experimental difficulties in coherently generating multi-octave bandwidths, as well as compensating for the resulting dispersion. Recently, the technique of synthesizing laser pulses covering different spectral regions [7, 8, 9, 10] has shown promise path for generating energetic sub-cycle laser pulses. This technique also provides the ability to tailor sub-cycle waveforms for potential applications such as arbitrary waveform generation [10] , quantum control [11] , etc. Nevertheless, the key ingredient for a light field synthesizer-a carrier-envelope-phase (CEP) stable laser system-has been technically challenging and, so far, mostly restricted to systems with a few mJ energy, thus limiting the synthesized pulse energy to the μJ level [8, 9] . To date, only a few CEP stable lasers with tens of mJ have been reported with < 300 mrad single-shot CEP stability [12, 13] . It should be mentioned that another competing technique for generating ultrabroadband pulses, using Raman sidebands, also suffers from a limitation on the maximum achievable energy per pulse [14, 15] .
Accessing even shorter time scales requires the use of high-harmonic generation (HHG) [16, 17] , which has enabled laser pulses in the extreme ultraviolet (XUV) region with attosecond pulse durations. Attosecond pulses can be created as part of an attosecond pulse train (APT) [18] or as isolated attosecond pulses (IAPs) [19] , depending on the number of electron collisions with the parent atom. Since HHG is intrinsically a sub-cycle phenomenon, it is ideal to have a sub-cycle laser field to enable the generation of IAPs. However, due to the lack of laser sources that provide sub-cycle pulses, IAPs are often generated by using ionization gating to select part of the XUV spectrum driven by a CEP stable few-cycle laser [20] or by using optical gating to reduce the number of collisions in a CEP stable few-cycle or multi-cycle laser [21] . Both methods sacrifice either the usable XUV energy or the driving laser energy, thus limiting the generated IAPs to nJ energies or smaller.
It is intuitive to link the inefficient use of energy of the two methods. Both point to the need for a CEP stable high energy laser source. In this paper, we present our achievement of a CEP stable, terawatt level, Ti:Sapphire laser system, which is a vital first step towards generating energetic, synthesized, sub-cycle laser pulses and the creation of more energetic IAPs. We start with a detailed description of the construction of the laser, then focus on a critical part of this realization -vibrational damping of the stretcher and compressor. We then present the resulting single-shot CEP noise values of 250 mrad over 1 hour and 300 mrad over 9 hours. Also, we briefly discuss the use of this laser source to pump an optical parametric amplifier (OPA) as well as the possibilities of generating mJ level sub-cycle pulses.
A 1 kHz, 20 mJ, 26 fs Ti:sapphire laser system
A schematic of the laser system is shown in Fig. 1 .The oscillator operates at 78 MHz and consists of the traditional soft-aperture Kerr lens modelocking design [22] , utilizing a prism pair for intracavity dispersion compensation. The oscillator is pumped by a frequency doubled diodepumped-solid-state (DPSS) laser (Lighthouse Sprout G). A portion of the oscillator output is used to stabilize the oscillator CEP with a Menlo Systems XPS800 f-2f interferometer with the SYNCRO electronics package. The CEP noise correction is provided by moving the high reflector in the dispersed arm of the oscillator. Every fourth pulse of the resulting pulse train typically carries CEP noise of 110 mrad in the integration range from 1 Hz to 2 MHz. In order to make the system more stable, the pump laser, oscillator, and the XPS800 are integrated into a single box.
The output of the oscillator, or seed laser, passes through two Faraday rotators to prevent back propagation of the seed or amplified light into the oscillator. The seed then propagates into a grating-based stretcher and is stretched to around 200 ps for CPA. Since the CEP noise accumulated in the amplification stages mainly originates from the stretcher and compressor [23, 24] , both are mounted on separate breadboards for noise reduction (discussed in section 3). The seed laser out of the stretcher is sent to a Pockels cell, in which a 1 kHz pulse train is picked off and sent to the first multipass amplification stage. The first stage consists of a total of fourteen passes in a "ring" amplifier. The gain medium is a Brewster cut Ti:Sapphire crystal optically pumped by a frequency doubled, 35 W, Q-switched, DPSS pump laser (Photonics Industries DM35). The first six passes go through a gain flattening filter to reduce gain around the center wavelength (∼790nm). Upon amplification this configuration produces a super Gaussian output spectrum with a FWHM in excess of 60 nm and tail to tail width of 120 nm. The crystal is cooled to below -200°C with a cold helium cryogenic cooling system (CryoMech) to avoid thermal lensing. The first amplification stage produces a 1 kHz, 2 mJ pulse train which is then sent to a second Pockels cell to attenuate pre/post-pulses and amplified spontaneous emission. The second amplification stage consists of a five-pass amplifier in a "bow tie" configuration optically pumped by two frequency doubled, 50 W, Q-switched, DPSS pump lasers (Photonics Industries DM50). The gain medium is a normal cut Ti:Sapphire crystal rod with anti-reflection coatings on both ends. The crystal is cooled by the same cooling system used in the first stage crystal. The mode size of the seed laser and the pump lasers is carefully matched to increase the efficiency of the amplification (∼30%), resulting in a 1 kHz, 29 mJ output. The size of the laser beam is expanded to about 3 cm in diameter (1/e 2 ) before being sent to the grating-based compressor. An overall transmission efficiency of ∼70% is achieved through the compressor and gives a 1 kHz, 20 mJ, 26 fs output. A second-harmonic frequency-resolved optical gating (SHG FROG) measurement is shown in Fig. 2(a) to indicate the achieved pulse duration. To interrogate the stability of the laser pulse energy, the power of the third harmonic of the amplifier output was measured for 9 hours, resulting in a standard deviation of 1.6%, as shown in Fig. 2(b) . The focused beam profile is also shown in the inset of Fig. 2(b) with an M 2 value of 1.36 along the X axis and 1.27 along the Y axis.
The CEP noise accumulated in the CPA process is measured by a sapphire crystal based f-2f interferometer [25] . A portion of the interferometric signal is split off for single-shot spectral fringe detection using a spectrometer with 1 ms integration time. The rest is sent to a quadrant position sensitive photodiode to measure the "jitter" of a single-shot fringe pattern. The photodiode signal is integrated to give an analog error signal with a bandwidth up to the repetition rate of the amplifier, in this case, 1 kHz. This analog error signal is then processed in a proportional-integral-derivative (PID) controller and used as feedback to both the oscillator and compressor gratings. The feedback to the oscillator is termed fast-loop. It pre-compensates the fast drifts of the CEP by modulating the same high reflector used for oscillator CEP locking. The feedback to the compressor grating is termed slow-loop. It drives the piezo stage under one of the gratings using a PID program to correct for long-term CEP drifts. The effect of the initial vibration mitigation technique on amplifier CEP stability is shown in Fig. 3(a) with a single-shot CEP error of 880 mrad, which was impractically large for our purposes. Note that the cryogenic cooling system is located in a separate room to reduce vibrations. Also, both the stretcher and compressor sub-breadboards were mounted with a vibration absorbing mat (Rathburn Associates ISODAMP C-1000) underneath to reduce vibrational energy transmitted through the optical table. The sub-breadboards were secured to the amplifier breadboard with vertical clamps. A more effective vibrational damping method was needed in order to reduce the CEP error as described below.
Improved vibrational damping of the stretcher and compressor and CEP results
A modified vibrational damping method is sketched in Fig. 4(a) . Four rubber bushings were installed underneath each breadboard (the rubber bushings are squeezed severely in practice) to reduce contact of the breadboard with the optical table. Lateral and vertical clamps are used to "squeeze" the breadboard in place instead of using bolts. The clamps were found to transmit less vibrational energy from the optical table to the sub-breadboard. In this design, the breadboard is less susceptible to lateral and vertical vibrational energy transfer than in the initial design. The vibrational frequencies present on the breadboard were measured with an accelerometer and characterized with a vector signal analyzer. The results with the vibration absorber mat and the rubber bushings are compared in Fig. 4(c) . Considerable reduction of vibrational frequencies above 50 Hz is achieved with the new damping method, although the 30 Hz noise is enhanced by almost a factor of 2 compared to the absorbing mat, and the 60 Hz noise remains prominent. The CEP noise in this case was measured to have single-shot error of 425 mrad, as shown in Fig. 3(a) . This was more than a two-fold improvement of the CEP stability over the initial design. One of the main drawbacks of this mounting scheme is that since the breadboard is less constrained, it takes much longer for the laser pointing out of the stretcher and compressor to be stabilized and the whole system is more sensitive to room temperature fluctuations. Note that, in our case, the laser room temperature is controlled to within ±1°C, making the effect of the temperature fluctuation not as significant.
To further enhance the CEP stability, the vibrational energies at 30 and 60 Hz needed to be attenuated. This was achieved by "floating" both breadboards. This floating scheme is different from optical table floating, in which high pressure air is used to push the optical table above the supporting legs. In our case, a special mount is utilized as sketched in Fig. 4(b) . It includes two parts. The first is bolted on the optical table and has a container for a thick piece of polyurethane (Sorbothane ® ). The second part is bolted to the breadboard and has a bolt threaded through one side. This bolt is coupled to a movable rod which sits on the polyurethane cylinder held by the first part. Four of these mounts are placed at the corner of each breadboard. By tightening the bolt above the removable rod, the breadboard can be lifted off the optical table and carefully balanced and leveled. The force of the breadboard pushing onto the polyurethane pieces produces a cone shaped pocket around each rod. These cones allow for lateral constraint of the breadboard while still maintaining isolation from the table itself. The only way that any vibrational energy from the table can couple into the breadboard is through the polyurethane piece and the rod. Using this mounting method the breadboards for both the stretcher and compressor, vibrations are significantly attenuated compared to the previous mounting schemes, as illustrated in Fig. 4(c) . The 30 and 60 Hz vibrational energies and the overall vibrations below 100 Hz are attenuated significantly. Under this condition, the single-shot CEP variation is locked within 250 mrad for an hour as shown in Fig. 3(a) . Since the breadboards are much less constrained in this case, it takes a few days for the polyurethane pieces and the breadboards to reach equilibrium. An overnight CEP locking was performed after the system was stabilized and resulted in a 300 mrad single-shot CEP error over a 9 hour period. To the best of our knowledge, these values are among the best short-and long-term CEP noise values reported for a terawatt class laser system. The result is shown in Fig. 3(b) along with the spectral fringe pattern (Fig. 3(c) ). The spike around 250 minutes occurred when the fast-loop PID reached the locking limit, but it was driven back by the slow-loop. A temperature fluctuation caused the slightly dimmer spectral fringe at around 300 and 500 minutes, but did not seem to affect the CEP locking.
Recently, a CEP stabilized amplifier system producing 0.8 mJ of energy per 25 fs pulse at 10 kHz was reported [26] . The phase noise for this amplifier was reported to be 98 mrad measured in-loop and 140 mrad measured out-of-loop for periods of 50 s. While similar methodology (separate high and low frequency feedback) for active phase stabilization was used in that amplifier more attention was needed to address the mechanical sources of phase noise stemming from the reflection grating based stretcher and compressor. In order to avoid optical component damage at pulse energies above 10 mJ it is more practical to use the grating approach for chirped pulse amplification. In addition, a ten-fold lower repetition rate is required to reach TW peak powers producing a ten-fold decrease in the available feedback bandwidth. This severe feedback bandwidth limitation further necessitates effective mechanical decoupling of the stretcher and compressor. Furthermore, production of IAPs and their ultimate experimental applications necessitates the use of vacuum pumping machinery that can couple vibrational energy into the laser amplifier system that will contribute to phase noise through the grating based stretcher and compressor. Finally, we should stress that the very impressive values of 98 mrad and 140 mrad in the CEP rms noise reported in [26] were only sustained for 50s. On the other hand, our goal was to make CEP control experimentally usable by extending the lock time to several hours.
Towards generation of mJ level sub-cycle synthesized laser pulses
Out of the 20 mJ of total energy, we split the laser output into two arms (see Fig. 1 ), one with 2 mJ pulse energy and the other with 18 mJ pulse energy. The 18 mJ arm pumps a white-lightseeded OPA system (Light Conversion HE-TOPAS-Prime-Plus). The OPA consists of three amplification stages. In the first stage, 1-3 μJ pulse energy is used for generating signal wavelength through SPM in a sapphire crystal. The generated signal beam is then preamplified by mixing it with ∼35 μJ of 800 nm light in a Type II β -barium borate (BBO) crystal. The second stage further enhances the signal energy to a level of about 100 μJ by pumping it with ∼700 μJ of 800 nm light in a second Type II BBO crystal. In the final stage, a ∼17.2 mJ pump laser boosts the total energy of the signal (S) and idler (I) to 6 mJ with a 60/40 S/I ratio when the signal is tuned to 1320 nm. By tuning the angle of the BBO crystals, the wavelength of the signal (idler) can be tuned from 1150 to 1600 nm (1600 to 2600nm). The achieved pulse energy at different wavelengths is shown in Fig. 5(b) . In order to have sub-cycle laser pulses, the 2 mJ pump beam (800 nm) and the 6 mJ S+I beam need to be spectrally broadened and then synthesized. This is a very similar procedure to that done in [8, 10] . Due to the fact that the SPM process preserves CEP, the signal output should ideally inherit the same CEP from the pump [27] . Any small CEP drifts can also be corrected by rotating a pair of glass plates in the OPA with a piezo motor. Furthermore, the idler output is known to have passive CEP stability [27] , and spectral broadening in HCFs has also been shown to maintain CEP stability [28, 29] . Therefore, if the time separation of all three pulses can further be precisely stabilized and delayed [30] , mJ level sub-cycle synthesized laser pulses could be realized. In our case, we were able to obtain more than 2.5 mJ of energy per pulse in the broadened pump, signal and idler. By adding all three broadened spectra, we obtain the multi-octave spectrum shown in Fig. 5(a) . Both the energy per pulse and the broadening represent lower limits of what is possibly achievable, yet we have been able to achieve almost three octaves of bandwidth and multi-mJ energies. Such achievements emphasize the strength of our method. We need to point out that at this stage we haven't compressed the broadened pulses, nor recombined them. A theoretical calculation of the time-domain synthesized laser pulse is shown in Fig. 5 (c) . This calculation is simply a Fourier transform of a transform limited pulse with the spectrum shown in Fig. 5 (a) . The experiments for the compression and synthesis are in progress and will be reported in the future.
Concluding remarks
To conclude, we have demonstrated a 0.77 TW Ti:Sapphire laser system that is CEP stable for extended periods of time. The laser delivers 20 mJ, 26 fs pulses at 1 kHz repetition rate with center wavelength of 790 nm. We measured CEP single-shot RMS noise of 250 mrad over one hour and 300 mrad over 9 hours. In our opinion these measurements represent some of the best CEP noise levels for a terawatt class laser. Our emphasis is on the long-term stability of very intense laser pulses. The low CEP RMS noise obtained by us, over such long times, makes CEP-controlled experiments, with intense fs pulses, a possibility. Such research is still considered quite challenging and is mostly performed in a CEP tagged fashion [31, 32] . To achieve such low noise, we developed a new mounting scheme, in which both stretcher and compressor are "floating" and, therefore, isolated from vibrational noise on the optical table.
The noise sources and frequencies were obtained by Fourier analysis of the f-2f feedback signal and the mounts were tuned to mitigate such frequencies. With this approach the resulting shortand long-term CEP stabilities are both significantly improved. We are currently exploring better vibrational damping methods to further improve CEP stability. With the excellent short-and long-term CEP stabilities at such high energy and repetition rate, stable and energetic (> 2 mJ energy per pulse) sub-cycle laser pulses are feasible by synthesizing spectrally-broadened fundamental and OPA outputs. Energetic optical synthesis promises generation of high energy per pulse, high flux (1 kHz repetition rate), and high photon-energy XUV sources and opens a new door towards the generation of bright isolated attosecond pulses and strong field coherent control.
